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Abstract
Velocity profiles upstream and downstream of two aquatic plant species that are similar in morphology but differ in patch 
structures were measured in a natural river. Turbulence statistics were analyzed after thorough data filtering. In the wake of 
the M. alterniflorum, which was a slender, 0.3 m wide and 1.2 m long patch of aspect ratio 1:4, there were distinctive peaks 
in both, turbulence intensity and turbulent kinetic energy, which indicated increased lateral mixing. In contrast to the M. 
alterniflorum, turbulence statistics in the wake of the M. spicatum, which was the larger, 2 m wide and 2.4 m long patch of 
aspect ratio 1:1.5, indicated increased lateral shear of a greater magnitude. The turbulent kinetic energy was diminished in 
the closest layer to the bed downstream the both plants, although, in the case of M. alterniflorum, the observed values were 
similar to those upstream. The occurrence of the mixing layer below the height of M. spicatum was visible in the power 
spectral density plot. In both cases, ejections in the wake diminished in favor of other coherent structures. The shape and 
configuration of a patch are decisive factors governing the occurrence of flow instabilities downstream of the patch.
Keywords Aquatic plants · Mixing layer · Turbulence · Flow field · Flexible vegetation patches
Introduction
The role and performance of both aquatic and riparian plants 
in rivers have been intensively investigated in recent years by 
in situ measurements (e.g., Biggs et al. 2016; Cameron et al. 
2013; Cassan et al. 2015; Naden et al. 2006; Sukhodolova 
and Sukhodolov 2012; Västilä et al. 2015) and laboratory 
experiments (e.g., Kubrak et al. 2015; Liu et al. 2017; Sinis-
calchi and Nikora 2013; Termini and Di Leonardo 2017). 
The growing interest in the complexity of flow–biota–sedi-
ment interactions and their impacts on flow resistance and 
transport processes and thus, on river management (Aberle 
and Järvelä 2015; Gurnell et al. 2012; Nepf 2012a; Nikora 
2010) stresses the need for further studies to be conducted.
Plants in the form of individual patches that are much 
smaller than the river width are common in natural condi-
tions (Siniscalchi et al. 2012). Each patch contributes to the 
flow blockage factor, which depends on the drag coefficient, 
patch density and diameter (Ortiz et al. 2013). These coef-
ficients have a subtler influence on the detailed flow field due 
to the multiple scales at which a plant interacts with the flow, 
creating various effects in the form of boundary and mixing 
layers (Nikora 2010). The identification of a single phenom-
enon like stem induced vortices is very difficult due to the 
intersection of different-scale effects (Aberle and Järvelä 
2013). In response to this issue, the superposition of multiple 
individual concepts that can describe the flow downstream 
of vegetation was proposed by Nikora et al. (2013).
The vortices occur at different scales; some propagate 
from individual stems as flows separate from their boundary, 
while others originate from the Kelvin–Helmholtz instabil-
ity at the patch boundaries (Nikora 2010). For example, the 
distinct phenomena observed in the wake of a patch, which 
has higher drag than the bed, are patch-scale turbulences in 
the form of vertical and horizontal vortices, which propa-
gate downstream (Aberle and Järvelä 2015). In the case of 
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emergent vegetation, horizontal patch-scale vortices are 
prone to merge after reaching a certain distance, which 
depends on the patch diameter and density (Nepf 2012a). 
These phenomena limit the area of decreased velocity where 
sediment deposition is increased downstream of the plant 
(e.g., Liu et al. 2017).
In a vegetated channel, the energy cascade is disturbed by 
the occurrence of coherent structures (e.g., Nezu and Naka-
gawa 1993). In the flow over a sandy mobile bed without 
vegetation, a bursting cycle occurs, where sweeps and ejec-
tions mostly contribute to turbulence close to the boundary 
layer (Grass 1971). Ghisalberti and Nepf (2006) and further 
Chen et al. (2013) revealed that the character of secondary 
currents changes from ejections to sweeps within the canopy. 
Within a patch of flexible vegetation, sweeps bend the stems 
and ejections are responsible for lifting them (Sukhodolova 
and Sukhodolov 2012). Sweeps within the canopy are domi-
nant over the ejections, as revealed in studies by, for exam-
ple, Chen et al. (2013) and Termini and Di Leonardo (2017). 
In addition, within a plant patch, naturally flexible vegetation 
tends to undergo dynamic reconfiguration correlated with 
ambient flow. This behavior can suppress increased turbu-
lence intensities, shear stresses and flow separation, which 
are common for rigid obstacles in water (Ghisalberti and 
Nepf 2006; Siniscalchi and Nikora 2013).
Theories describing flow disturbances in the presence 
of flexible, naturally growing aquatic vegetation are still 
highly limited due to the complexity of physical laws 
governing turbulent flow and the heterogeneity of natural 
conditions in each studied case. Following recent trends 
in vegetated flow investigations (Sukhodolov 2015), an 
experiment involving the deployment of an acoustic Dop-
pler velocimeter around two common aquatic macrophytes 
in a natural river was conducted to measure 3D velocity 
field. A discussion of raw data reliability using a Vectrino 
Profiler was included in a previous paper by the authors 
(Przyborowski et al. 2018b). The two species investigated, 
namely, Myriophyllum alterniflorum L. and Myriophyllum 
spicatum L., are characterized by similar morphologies 
(Kłosowski and Kłosowski 2007; Wilson and Ricciardi 
2009); therefore, in response to flow stresses, individual 
stems of comparable diameter and with the same internal 
structure should respond in a replicable manner. This simi-
larity raises the question of how the dimensions and con-
figuration of the patch alter flow properties downstream. 
As Nikora et al. (2008) showed, patch width (Wc) to the 
flow width (W) ratio is one of the meaningful plant rough-
ness parameters. In this study, both patches had uniformly 
covered a small part of the bed; however, M. spicatum had 
much higher value of Wc/W, and therefore, it was expected 
to produce similar flow instabilities to those of submerged 
meadows as described by Nepf (2012a), for example. The 
obtained results showed differences in the velocity profiles 
between plant patches. This paper shows the development 
of these results; after thorough data filtering, the statistical 
analysis of turbulence was conducted to determine the flow 
instabilities caused by the two distinct patches.
Study site
The present experiments were conducted at two sites in 
the Świder River in Poland, which is a sandy bed, low-
land river with a width of approximately 20 m. During 
the first experiment on July 16, 2016, the discharge was 
2.46 m3 s−1. A slender, 0.3 m wide and 1.2 m long patch 
(aspect ratio 1:4) of M. alterniflorum was found approxi-
mately 2 m from the right bank in 0.35 m deep water and 
two pairs of velocity profiles were measured (Fig. 1a, b). 
During the second experiment on September 22, 2016, the 
discharge was lower, i.e., 1 m3 s−1, and the water depth 
was approximately 0.25 m. A patch of M. spicatum, which 
covered an approximately 2 m wide and 1.5–2.4 m long 
area (the aspect ratio was approximately 1:1.5 due to the 
irregular shape of the patch; also, the velocity profiles 
were placed not in the centerline of the patch but closer to 
its edge, as shown in Fig. 1d) was found 1 m from the left 
bank (Fig. 1d, e). In both experiments, the average differ-
ence in water depth between the upstream and downstream 
profiles was approximately 3 cm. Ripples were observed 
on the sandy bed. However, no bed elevation changes were 
observed during any 3 min long recording. In the vicinity 
of the experimental sites, there were no other obstacles 
on the riverbed; therefore, the upstream profiles represent 
undisturbed ambient open-channel flow.
Although the number of stems per unit bed area was not 
measured, the second patch was visually denser (Fig. 1b, 
e). Both investigated plant species belong to group of fully 
submerged types of vegetation. The species are character-
ized by similar morphologies of stems and leaves (Fig. 1c, 
f). The only difference was that the individual stems of M. 
spicatum were approximately 0.20 m shorter than those 
of M. alterniflorum. The diameter of the stem, which has 
a wheel-like internal structure (Łoboda et al. 2018b), was 
approximately 2 mm (Fig. 1g, h). Thin, 10–20 mm long 
whorled leaves grew in sets of three per node along the 
stem (Kłosowski and Kłosowski 2007). Differences in 
biomechanical properties between the two investigated 
species, which might influence the obtained turbulence 
statistics, were not evaluated due to the assumption of 
similar average flexural rigidities for plants with similar 
morphologies (Fig. 1c, f), stem diameters and cross-sec-
tions (Fig. 1g, h) (experiments were conducted after the 
rapid growth season of the plants; Łoboda et al. 2018a; 
Tymiński and Kałuża 2012).
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Materials and methods
Water velocity measurements were performed using an 
acoustic Doppler velocimeter, the Vectrino Profiler (VP) 
(revision 2779/1.32, Nortek AS, Rud, Norway). During the 
measurements, the following VP setup was used: minimum 
ping algorithm; 50 Hz recording frequency; high power 
level; and a velocity range 0.2 m s−1 higher than the first 
recorded mean value. In the first experiment, the first pair 
of profiles was obtained 0.27 m downstream and 0.47 m 
upstream of the plant, and the second pair of profiles was 
obtained 0.35 m downstream and 0.22 m upstream of the 
plant (Fig. 1a). In the second experiment, one pair of pro-
files was obtained at points 0.36 m downstream and 0.45 m 
upstream (Fig.  1d), measured simultaneously with two 
VP units. It is also worth noting that the distance between 
upstream and downstream profiles was two times larger for 
the second patch than for the first patch due to the length 
of the patches (Fig. 1a, d). Each profile was created from 
a series of individual 3 min recordings taken at different 
water heights. Results from the velocity measurements were 
depicted using normalized height, i.e., a Z/H scale, where 
Z represents the height of the measurement point above the 
bed and H represents the local water depth. The average 
height of the main body of the plant was approximately 
Z/H = 0.5 for M. alterniflorum and approximately Z/H = 0.4 
for M. spicatum.
Before using the recorded velocities to calculate turbu-
lence characteristics, a filtering procedure was applied to the 
recorded velocities to remove low-quality or noise-related 
Fig. 1  Schematics of the two patches with locations of measured pro-
files (a, d); photographs taken at the experimental sites (b a patch of 
M. alterniflorum; e a patch of M. spicatum with a platform used to 
hold velocimeters); photographs of examples of individual stems and 
plant stem cross-sections (c, g M. alterniflorum; f, h M. spicatum). 
Please note the white strip in the photograph b is 0.5 m long ruler, 
and the photograph, e does not show actual placement of measure-
ment profiles
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artifacts of the VP (Brand et al. 2016; Koca et al. 2017; 
Thomas et al. 2017). The procedure was as follows: (1) the 
cell with the best signal-to-noise ratio (SNR) and within 
a “sweet spot,” i.e., the distance from the VP transducers 
where the signal beams were best correlated, was chosen 
from each data recording; (2) the record from the chosen cell 
was cleared of fragments with an SNR below 15 dB or cor-
relation below 70% and replaced with interpolating neigh-
boring values; (3) spikes were removed using a phase-space 
thresholding filter (Goring and Nikora 2002, with modifica-
tions by Wahl 2003 and Parsheh et al. 2010).
The signal-to-noise ratio during the velocity measure-
ments near M. alterniflorum was generally above 20 dB 
in points in the “sweet spot,” and the SNR was below this 
level for M. spicatum. To maintain the best accuracy, for 
a few points across profiles, bins outside the “sweet spot” 
had to be chosen; therefore, the results, even after filtering 
procedures, must be interpreted with caution. Due to the 
low SNR values of the points closest to the bottom, some of 
them were removed from results. The lowest measured point 
downstream of M. alterniflorum, showed in the results, was 
7 cm above the bed in the first profile; 4 cm above the bed 
in the second downstream profile, whereas the lowest point 
downstream of M. spicatum was 2 cm above the bed.
Turbulence characteristics were calculated using recorded 
and filtered velocity fluctuations in longitudinal (u′), trans-
verse (v′) and first vertical (w′) directions. The Reynolds 
stresses were formulated as follows:
the normalized turbulence intensities are:
where Ū denotes the time-averaged longitudinal velocity;
and the turbulent kinetic energy is:
In addition, these characteristics were made noise-free 
due to the availability of redundant information for two ver-
tical velocities recorded by the VP (Hurther and Lemmin 
2001; Voulgaris and Trowbridge 1998) by subtracting the 
calculated noise variance in each direction from the cor-
responding velocity variance. To show the power spectral 
densities, a script implemented in MATLAB was used, i.e., 
the Welch (1967) method. A Hamming window function and 
discrete Fourier transform points equal to 512 with a 50% 
overlap were chosen (Koca et al. 2017).
Quadrant analysis was performed using a bursting cycle 
detection method (Franca et al. 2014). Shear events were 
detected using the following thresholds:
(1)u′v′, v′w′ and u′w′,
(2)TIU =
√
u�2
Ū
, TIV =
√
v�2
Ū
, and TIW =
√
w�2
Ū
,
(3)TKE =
1
2
(
(u�)
2 + (v�)
2 + (w�)
2
)
.
for outward interactions,
for ejections,
for inward interactions,
and for sweeps,
where the threshold σh was obtained by the following 
equation
and the thresholds σ+ and σ−, by:
H represents the hole size, which was 1.8 as this value is 
commonly used for open-channel flows (e.g., Liu et  al. 
2016), although, in order to consider weak events, this value 
could be lower, i.e., 1.2 as suggested by Luchik and Tieder-
man (1987) or even 0.2 as used by Bialik (2013). However, 
Poggi et al. (2004) and Chen et al. (2013) used a value of 3 
in their experiments with vegetation in laboratory conditions 
for a classical detection method. Urms and Wrms were equal 
to the root mean squares of the longitudinal and vertical 
velocities, respectively.
Results
The mean longitudinal velocities were decreased by 43% 
to 50% in each of the downstream profiles in compari-
son with upstream profiles (Fig. 2). The mean transverse 
and vertical velocities did not change significantly around 
M. alterniflorum, although in the case of M. spicatum, the 
mean transverse velocities had positive values, from 0.100 
to 0.180 m s−1 downstream through the whole height of the 
plant patch, while upstream they oscillated from − 0.002 to 
0.009 m s−1 (Fig. 2).
The measured normalized turbulence intensities were, 
on average, 77% to 168% higher downstream of M. alterni-
florum and 25% to 198% higher downstream of M. spi-
catum, than upstream of them (Fig. 3). Below the height 
of the M. alterniflorum patch, the highest TI values were 
detected in the downstream profile 2 which indicated that 
(4)Qout =
{
u�, w� ∈ R ∶ u� > 0
⋀
w� >
𝜎h
u�
⋀
u� < 𝜎+
}
;
(5)
Qej =
{
u�,w� ∈ R ∶ u� < 0
⋀{
w� >
𝜎h
|u�|
⋁
u� < 𝜎−
}}
;
(6)
Qinw =
{
u�,w� ∈ R ∶ u� < 0
⋀
w� < 0
⋀||w
�|| >
𝜎h
|u�|
⋀
u� > 𝜎−
}
;
(7)
Qsw =
{
u�,w� ∈ R ∶ u� > 0
⋀{{
w� < 0
⋀||w
�|| >
𝜎h
u�
}⋁
u� > 𝜎+
}}
;
(8)h = H × Urms × Wrms;
(9)± = ± 2.5 × Urms.
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mixing was developing in the farther profile. Downstream 
of the M. spicatum there was a distinctive peak in points at 
Z/H = 0.29 and Z/H = 0.26, where the TIU and TIV were four 
to nine times higher than closest corresponding points in 
height upstream, denoting increased mixing (Fig. 3), as was 
expected for the larger patch. However, the TIW values in this 
region were noticeably low.
The turbulent kinetic energy (TKE) profiles downstream 
of the investigated plants showed trends opposite to those 
of the turbulence intensities, i.e., the TKE was higher above 
the main body of the plant than below that height (Fig. 4). 
At Z/H = 0.5, i.e., the height of the M. alterniflorum canopy, 
the TKE was 0.0013 m2 s−2, equal in both the upstream and 
downstream profile 1; at Z/H = 0.3 the TKE was two times 
lower; farther in the downstream profile 2 and at Z/H = 0.5, 
the TKE value was higher than upstream (Fig. 4), while at 
Z/H = 0.2 it was similar to the upstream profile. Downstream 
of M. spicatum, the TKE profile retained a distinctive peak 
in the same spot as the turbulence intensities, i.e., below the 
maximal height of the canopy, which was 0.0029 m2 s−2, 
and the lowest value of 0.0004 m2 s−2 was registered above 
that height (Fig. 4).
The absolute tangential Reynolds stresses showed fewer 
changes between the upstream and downstream measure-
ments than did the turbulence characteristics as described 
above. For M. alterniflorum, the |||u
′v′
||| and 
|||v
′w′
||| components 
were highest at Z/H = 0.4, measuring 0.35 ⨯  10−3  m2 s−2 and 
0.54 ⨯  10−3  m2 s−2, respectively (Fig. 5). Farther down-
stream, these peaks were lower, i.e., at Z/H = 0.2 (Fig. 5). 
Profiles of |||u
′w′
||| showed elevated values of approximately 
0.2 ⨯ 10−3 m2 s−2 at points closest to the bed. Downstream 
Fig. 2  Mean longitudinal Ū , 
transverse V̄  and vertical W̄ 
velocities of the first and second 
pair of profiles downstream and 
upstream of M. alterniflorum 
and of one pair of profiles in 
the experiment with M. spica-
tum. Note that the dotted lines 
indicate the average height of 
the plant
Fig. 3  Normalized turbulence 
intensities of the first and sec-
ond pair of profiles downstream 
and upstream of M. alterniflo-
rum and of one pair of profiles 
in the experiment with M. 
spicatum. Note that the dotted 
lines indicate the average height 
of the plant
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of M. spicatum, the highest peaks occurred slightly below 
the canopy height, where the |||u
′v′
||| , 
|||u
′w′
||| and 
|||v
′w′
||| compo-
nents were 0.24, 0.12 and 0.06 ⨯ 10−3 m2 s−2, respectively, 
indicating a layer of increased shear (Fig. 5).
The power spectral density (PSD) plots of the longi-
tudinal velocity fluctuations (Fig. 6) showed inconsisten-
cies between the three measured pairs of profiles, i.e., in 
the first pair, the PSD was higher in the upstream profile; 
in the second pair, it was the same as that downstream; 
and, for M. spicatum, the downstream profile had a higher 
spectral density. The magnitude of downstream fluctua-
tions throughout the whole spectrum also varied in each 
case, i.e., at the 2 Hz frequency in the first profile, it was 
below  10−4  (m2 s−2)  Hz−1; farther downstream, it increased 
slightly; and it was highest for the second species. Notably, 
the slope of the PSD in the second pair of profiles exhib-
ited the best fit to the − 5/3 scaling range (Kolmogorov 
1991), which is common for free flow in open channels 
(Nezu and Nakagawa 1993).
Quadrant analysis showed frequent major events in the 
second and fourth quadrants in all upstream profiles (Fig. 7). 
At the two profiles downstream of M. alterniflorum, shear 
stress production was transferred to outward and inward 
interactions, but sweeps and ejections were still present. For 
M. spicatum, the quadrant plot made from a point down-
stream was biased because points near the bottom gener-
ally had poor quality (this was discussed more broadly in 
Przyborowski et al. 2018b), and 32% of the velocity val-
ues were replaced during the filtering procedure. There-
fore, some information from the recording was lost, espe-
cially for inward interactions. However, sweeps tended to 
Fig. 4  Turbulent kinetic energy 
of the first and second pair 
of profiles downstream and 
upstream of M. alterniflorum 
and of one pair of profiles in the 
experiment with M. spicatum. 
Note that the dotted lines 
indicate the average height of 
the plant
Fig. 5  Absolute tangential 
Reynolds stresses of the first 
and second pair of profiles 
in the experiment with M. 
alterniflorum and of one pair of 
profiles in the second experi-
ment with M. spicatum. Note 
that the dotted line indicates the 
average height of the plant
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dominate ejections, as in the two profiles downstream of 
M. alterniflorum.
Discussion
The coverage percentage of plants as well as their location in 
the river cross-section influence on channel blockage (Green 
2005; O’Hare 2015) and sediment deposition (Västilä and 
Järvelä 2018). Przyborowski et al. (2018a) showed that 
patches of Potamogeton pectinatus L. varied due to bed 
conditions and also, that an individual plant patch had a 
very limited impact on the flow. The present study shows 
that single patches of two similar species may have varying 
effects on the local flow field, given the major difference in 
the aspect ratio between these patches, which is consistent 
with the Nikora et al. (2008) research about the physical veg-
etation parameters as roughness descriptors. The obtained 
results of velocities and turbulence intensities downstream 
of M. alterniflorum (Figs. 2, 3) were in line with those of 
Hu et al. (2018). In particular, the water velocity in the plant 
wake was diminished roughly by half, which showed that 
the patch did not completely block the flow (Fig. 2). Down-
stream of M. spicatum, of which diameter was at least three 
times larger and the stems visually covered the whole area 
densely, the results showed strongly increased, in compari-
son with M. alterniflorum, lateral shear below its maximal 
height. Another significant difference between the results 
Fig. 6  Power spectrum of the 
longitudinal velocity fluctua-
tions in the chosen points from 
the first and second pair of pro-
files in the experiment with M. 
alterniflorum, and of one pair of 
profiles in the second experi-
ment with M. spicatum 
Fig. 7  Quadrant analysis using 
the bursting cycle detection 
method at points of specified 
height. Colors represent points 
that were above the threshold in 
each quadrant: green indicates 
outward interactions; red indi-
cates ejections; blue indicates 
inward interactions; and purple 
indicates sweeps
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was decreased turbulent kinetic energy observed close to 
the bed; at the same distance downstream, the decrease in 
turbulent kinetic energy was better pronounced in the case 
of the M. spicatum patch (Fig. 4). On the other hand, quad-
rant analysis showed the same trends in occurrence of the 
secondary currents downstream the both patches.
Effect of patch geometry on downstream turbulence
The turbulent kinetic energy (TKE) was elevated in majority 
of points downstream of M. alterniflorum (Fig. 4). How-
ever, in the downstream profile 1 at Z/H = 0.3, i.e., below 
the maximum height of the canopy TKE was reduced, where 
Hu et al. (2018) showed that TKE should be increased in 
this layer as a sign of elevated shear stresses. In the case 
of M. spicatum, at the maximum canopy height, TKE was 
similar to the profile upstream like in the case of the first 
patch, profile 1 (Fig. 4). For both plants, the TKE inside 
the wake, i.e., below Z/H = 0.2, was reduced, in comparison 
with the values above (Fig. 4), similarly to the experiments 
of Hu et al. (2018). The differences in the magnitude of TKE 
at plant height might be caused by the vertical distribution 
of patch density, where the majority of the stems did not 
reach the maximum height of the canopy (Fig. 8). Thus, 
these results were similar to those observed by Sukhodolov 
and Sukhodolova (2012), where the TKE profile bias, which 
indicated cumulative effect of mixing and boundary layers, 
grew with the density of the vegetation.
The position of the measurement profile close to the M. 
spicatum lateral edge had impact on observed turbulence 
intensities and tangential Reynolds stresses, as it is closer to 
the plant flow lateral boundary. The highest observed peak 
at Z/H = 0.25 in both, longitudinal and transverse turbulence 
intensities, which peak also appeared in |||u
′v′
||| stress, indi-
cated the presence of a lateral shear layer (Rominger and 
Nepf 2011). In comparison with M spicatum, downstream 
of M. alterniflorum patch, |||u
′v′
||| and 
|||v
′w′
||| stresses showed 
about five times smaller lateral transport of momentum at 
Z/H = 0.4 in the first downstream profile, which corre-
sponded to the upper part of the plant and in a lower point, 
i.e., Z/H = 0.25, in the second profile (Fig. 5). That difference 
between produced shear was the direct result of the distinct 
spatial dimensions of the patches (Ortiz et al. 2013).
Similar results as those presented in the paper, showing 
increased Reynolds stresses, were obtained by Biggs et al. 
(2016) in an experiment with a Ranunculus penicillatus 
patch; however, the |||u
′w′
||| shear stress was also elevated, in 
contrast to the present study, which may be due to differ-
ences in bed structure, i.e., sand versus gravel/cobbles. The 
comparison of the observed |||u
′w′
||| stress and corresponding 
to it turbulence intensities do not support the presence of 
vertical Kelvin–Helmholtz vortices in either of patches, phe-
nomenon which was described, e.g., by Nepf (2012b). The 
cause of such result may be wavy motions of plant stems, 
which is in line with results obtained by Ghisalberti and 
Nepf (2006), who observed that an increase in the variability 
of vegetation height resulted in decreased shear stress.
The PSDs of both the longitudinal and vertical veloci-
ties in a wake should have distinct peaks at lower frequen-
cies, marking the passage of vortices. In the case of the 
occurrence of a mixing layer, the spectral density should 
be higher than that in the free flow (Ghisalberti and Nepf 
2006; Sukhodolov and Sukhodolova 2012). Such phenom-
enon occurred in the case of the M. spicatum patch, where a 
distinctive peak in the turbulence intensity (Fig. 3) translated 
into the higher energy visible in the PSD from that point. In 
this experiment, the PSD showed peaks similar in magni-
tude at lower frequencies; however, at higher frequencies, 
energy dissipated faster in the downstream profile closer to 
M. alterniflorum, than in the profile farther away (Fig. 6), 
where the turbulence intensity was elevated (Fig. 3). This 
indicated that the energy transport in profile 2 downstream 
was the same as in the free flow, but with increased mixing.
The main differences between complex natural 
vegetation and simplified rigid laboratory studies
The present study showed that differences in turbulent statis-
tics describing phenomena such as a mixing layer were not 
as clearly distinguishable as in flumes with rigid rods (Chen 
et al. 2013). However, such a comparison of artificial rigid 
patches to real flexible vegetation has limitations. Ortiz et al. 
(2013) showed that flexible patches have much lower impact 
on the flow than its rigid counterpart. What is more, there 
are major differences in biomechanical properties between 
rigid and flexible materials, which influence plant responses 
Fig. 8  Schematics of observed flow layers: downstream of the M. 
alterniflorum patch, where a slightly increased turbulent kinetic 
energy indicated elevated mixing; downstream of the M. spica-
tum patch, where increased turbulence in transverse direction was 
observed below the height of the canopy, and decreased TKE were 
observed closer to the bottom
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to flow and thus, flow resistance (Łoboda et al. 2018a). For 
instance, lower flexural rigidity indicates that the plant bends 
and moves with the flow and thus, decreases its frontal area 
(Nikora 2010). Additionally, for real patches of vegetation, 
the majority of species such as Myriophyllum have stems 
reaching far beyond the area of the roots, floating above 
the bed, as was depicted in Siniscalchi and Nikora (2013). 
Therefore, it is difficult to compare the number of stems 
per unit bed area. Moreover, the ratio of water depth (H) to 
patch height (h) was considered shallow in the present case 
(H/h ~ 2), although there was no solid upper boundary of the 
patches, as observed in laboratory studies (e.g., Chen et al. 
2013), thus expected velocity gradient downstream the patch 
was not pronounced.
In the present study, quadrant analysis at points in the 
wake of M. alterniflorum revealed that ejections were dimin-
ished in favor of inward and outward interactions. This 
behavior implies that the energy of ejections was allocated 
to the force needed to lift the patch canopy or that the flow 
in the wake was returning to its ambient state by inflow from 
the high-speed free flow layer above.
Limitations of the present study and future 
directions
One possible reason for the substantial difference in the 
power spectral density results for M. spicatum (Fig. 6) may 
be the noise contamination of the signal. Brand et al. (2016) 
depicted how PSD values differ when using certain bins, 
due to different noise contributions connected to the SNR 
level. Although bins were chosen using the best mean SNR 
in the present study, the noise contribution was found to 
affect higher frequencies. An effect of noise was also vis-
ible in the increased contribution of longitudinal velocity 
fluctuations in the quadrant analysis of point downstream 
of M. spicatum (Fig. 7). On the other hand, the used SNR 
and correlation thresholds were the same as in field experi-
ments conducted by Cassan et al. (2015) or Afzalimehr et al. 
(2017), and with the used filtering procedure, the obtained 
results were not below accepted requirements. Though, a 
caution in generalization of the presented interpretation is 
advised due to a scarcity of similar experiments.
Nikora et al. (2008) and Cornacchia et al. (2018) showed 
how dimensions of aquatic plants and their positions in the 
river channel determine their impact on the flow. The pre-
sented outcomes of two distinct patches showed how big 
influence on water mixing may have patch dimensions. 
However, without further downstream profiles and accurate 
plant density values it is impossible to determine, whether 
the M. spicatum canopy resembles one of the patches used 
in laboratory studies such as in Zong and Nepf (2012), 
where vortex street was generated. What is more, patches 
with enhanced horizontal flow deflection, i.e., which are 
denser and with lower submergence ratio, should produce 
greater velocity gradient at patch edge and therefore chang-
ing the sedimentation process, while wide patches, i.e., patch 
width/h > 4 produce vertical deflection (Ortiz et al. 2013). 
However, the results of the present study, were not sufficient 
enough to prove this relationship, but we do believe that 
additional field measurement of velocity profiles at the edges 
of the patches of different dimensions will provide valuable 
information about this interaction, which finally should help 
in building advanced hydrodynamics flow-biota models.
In the perspective of river ecology, the existence of a 
large patch promotes increased sedimentation in its wake 
(e.g., Cotton et al. 2006; Ortiz et al. 2013) and stimulates 
further growth downstream (Cornacchia et al. 2018). The 
question arises of whether impact on the flow and the sedi-
ment of wide patches is equal to the impact of more slender 
ones, assuming that the covered area of the patches is the 
same. Further case studies including plant growing in dif-
ferent configurations with a denser grid of velocity profiles, 
sediment traps and biomechanical tests of aquatic plants 
should provide relevant data to unify vegetated flow models 
and the impact of patch characteristics on river morphology.
Summary
Turbulent statistical analysis of the 3D velocity recorded 
with Vectrino Profilers in two distinct aquatic plant patches 
provided the following insights:
• Distinctive peaks in both, the turbulence intensity and 
turbulent kinetic energy downstream of M. spicatum, 
indicated the increased lateral mixing, which was also 
present downstream M. spicatum, but of a smaller mag-
nitude.
• Comparing the TKE values in the downstream points 
closest to the bed, i.e., below Z/H = 0.2, as in case of the 
second patch, a layer of the decreased TKE was observed, 
while at the same distance downstream of M. alterniflo-
rum, i.e., at the profile 2, the TKE was similar to the 
profile upstream.
• The power spectral density of the velocity fluctuation 
below the plant height showed the occurrence of a mix-
ing layer downstream of M. spicatum and the energy 
downstream of M. alterniflorum dissipated faster in the 
closer profile.
• The bursting cycle downstream of both plants was dis-
turbed, i.e., the ejections diminished and the number 
of sweeps, as well as inward and outward interactions 
increased.
These results are generally in line with the findings of 
similar investigations of flow around natural aquatic plants, 
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especially in the case of M. spicatum. The smaller and slen-
derer patch of M. alterniflorum influenced the flow field 
less than did the second plant patch. The presented analysis 
showed that after thorough evaluation, filtering and despik-
ing procedures, velocity recordings of a lower quality than 
those acquired in laboratory conditions can lead to meaning-
ful results.
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